INTRODUCTION
Conversion of NAD+ to poly (ADP-ribose) by chromatin-bound enzyme poly (ADP-ribose) polymerase is thought to be involved in important cellular processes, including DNA repair. Please see reviews in Ref. 1 . In General, the DNA-damaging agents lower NAD+ levels by in creasing the activity of poly (ADP-ribose) polymerase in mammalian cells2-5). Poly (ADP ribose) synthesis increases with DNA breakage 6). Ligation appears to be the step impaired by inhibitors of poly (ADP-ribose) polymerase7). The evidence that poly (ADP-ribose) biosyn thesis is part of the process of recovery from DNA damage was derived from experiments using high concentrations of enzyme inhibitors.. However, since enzyme inhibitors have a variety of side effects on cellular metabolism [8] [9] [10] [11] , it is difficult to interpret in vivo results. Recent studies 12, 13) suggest that the effect of lowering NAD+ levels through nutritional deprivation of NA appears to be a mimic king of the response of DNA repair to 3AB. The cells grown in NA free medium continue to divide at the same rate as the control cells without a net synthesis of NAD+, with a subsequent reduction of the NAD+ level in the cells 4, 12, 14) The low NAD+ levels should preserve cells with a low activity of poly (ADP-ribose) polymerase and limit poly (ADP-ribose) synthesis. The addition of NA to the culture medium increases the cellular NAD+ pool to normal levels [12] [13] [14] . Lowering the enzyme activity by NA deficiency leads to a sus ceptibility to increased chromosomal instability15). Biosynthesis of poly (ADP-ribose) is re quired for efficient DNA repair in NAD+-depleted cells12, 13) Treatment with inhibitors of poly (ADP-ribose) polymerase during and/or following DNA damage affects the frequency of mutation in cultured mammalian cells. Concerning the fre quency of mutation at the HGPRT locus, potent inhibitors, including benzamide and 3AB5, 16) have no effect on alkylation-induced mutations 17). Post-treatment of MNNG-exposed V79 cells with benzamide for 24 hr decreases the frequency of induced mutations 18). Growth of Chinese hamster cells in 3AB-containing medium after exposure to monofunctional alkylating agents19) or X-rays20) enhances the frequency of mutations. In contrast, mutations at the ATPase locus, as measured by ouabain-resistance, either increase 8) or remain unchangedl9) when combined with 3AB and ethyl methanesulfonate. We observed that 3AB had a stimulating effect on the induction of V79 mutants resistant to 6-thioguanine (TG), after their exposure to 60 Co-y radiation or to nitrogen beams 21) . Because of conflicting reports, more detailed data are needed concerning the effects of enzyme inhibitors, particularly 3AB, on mutation-induc tion. We report here that quantitative estimations of induced mutations are influenced by nutritional deprivation of NA and by quantitative and qualitative characteristics of the inhibi tor. NA deficiency and/or the addition of the inhibitor, even immediately prior to treatment with DNA-damaging agents, appears to facilitate mutation induction.
MATERIALS AND METHODS

Materials
Amethopterin, azaserine, MMC, TG, N'-methylnicotinamide, and NA were purchased from Sigma Chemical Co. (St. Louis, MO, USA). 4-Aminobenzamide was obtained from Nakarai Chemicals, Ltd. (Kyoto, Japan). 3AB and MNNG were purchased from Tokyo Kasei Kogyo Co. (Tokyo, Japan). Hypoxanthine, adenine, and thymidine were products of Yamasa Biochemicals (Chiba, Japan). 4-Carbamoylimidazolium 5-olate (CIO, SM108)22) was provided by Sumitomo Pharmaceuticals Co. (Takarazuka, Japan). Eagle's minimal essential medium (MEM), NA-free MEM, and ES medium were purchased from Nissui Seiyaku Co. (Tokyo, Japan). ES medium was prepared using Eagle's MEM as a base as described elsewhere23) . Dialyzed and undialyzed fetal calf sera were purchased from GIBCO (Grand Island, NY, USA). All equipment used for culturing were manufactured by Falcon (Becton Dickinson, USA).
Cells and Culture Procedure
The aneuploid Chinese hamster V79 cells, originally obtained from Dr. E. H. Y. Chu, were generously donated by Dr. T. Kuroki, University of Tokyo. The cells were grown as monolayers in MEM supplemented with 10% fetal calf serum (growth medium) and incubated in a humi dified atmosphere of 5% CO2 in air at 37°C. The V79 cells were cloned in microwells at limiting dilutions to eliminate the spontaneous TG-resistant cells. Clone number 14, referred to here as V79-14, was used for assays of muta tion induction at the HGPRT locus. The V79-14 cells had the same properties as the parent strain with respect to responses related to cytotoxicity and the mutation induction to 3AB.
The CIO-sensitive, revertant cell line was obtained from drug-resistant populations as described by Koyama and Kodama23). They observed that all cells acquiring a resistance to CIO gave rise, either spontaneously or after mutagenesis, to APRT-deficient mouse cells. Half the V79-14 cells were killed when 5 to 10 pM CIO were present in the growth medium. The CIO resistant cells were obtained by exposing mass cultures of V79-14 cells to stepwise increasing concentrations of the drug (from 10 to 250 pM). CIO-resistant cells were grown in growth medium and then subcultured in fresh MEM supplemented with 10% dialyzed fetal calf serum, 100 pM azaserine, and 50 µM adenine24>. One revertant cell line was obtained, and used for assays of mutation induction at the APRT locus.
Procedures for Treatment with DNA-damaging Agents
For MNNG or MMC treatments, the culture medium was removed and the cells were washed once with warm Ca 2+_ and Mg2+-free phosphate-buffered saline (PBS-). The mutagens, which had been dissolved in PBS in darkness immediately prior to use, were added to the cultures containing 1.5 ml fresh serum-free medium. Incubations were continued for 2 hr at 37°C.
For treatment with UV-B light, the cells were washed once with PBS and irradiated at room temperature through a 35-mm plastic dish containing 0.5 ml PBS-. Sunlamp rays Toshiba Electric Model FL 20 SE, 20 watts) were filtered using a polystyrene dish cover at a dose rate of 130 J/m2 /min, as measured using a Topcon UV Radiometer UVR-254 (Tokyo Kagaku Kikai). Irradiation through the dish covers did not result in cytotoxicity, and the mutation . action for Chinese hamster V79 cells was retained25)
Before treatment with 60 Co -y-rays, the cells were washed once with PBS and irradiated at room temperature in a serum-free culture medium, using a 60Co 'y-ray source at a dose rate of 1.2 Gy/min, as measured by a Fricke dosimeter (ICRU 14, G = 15.5).
Survival and Mutation Assays
Cells (0.5 to 1 x 105) were seeded in 35-mm petri dishes containing growth medium. After an overnight period of growth, the medium was replaced with 2 ml of either fresh growth medium for a control study or NA-free MEM supplemented with 10% dialyzed fetal calf serum (NA-free medium). The cells were then treated with and without inhibitors of poly (ADP ribose) polymerase for 48 hr. After pre-treatment, the cells were washed once with PBS and treated with mutagens. The cells were then washed once with PBS and uniformly removed from each dish using 0.25% of trypsin. To determine whether post-treatment of DNA-damaged cells, with added 3AB and/or deprivation of NA, affected the cytotoxicity and the frequency of TG-resistant cells, the cells grown in 2 ml growth medium for 24 hr were washed briefly with PBS and exposed to mutagens. Two ml of either NA-free medium or medium supplemented with 8 pM NA were then added to the cultures, and growth was allowed to proceed in the presence or absence of 3AB (5 mM) for 48 hr.
Concerning the measurements related to survival, four 60-mm dishes were inoculated with appropriate numbers of cells in 5 ml growth medium. After 7 days of incubation, the colonies were fixed with 10% formaldehyde, stained with dilute crystal violet solution, and those con taining more than 50 cells were counted. To ascertain the mutation frequency , either DNA damaged or undamaged cells were replated in fresh 100-mm dishes containing 10 ml growth medium, to permit a full expression time. A mutation expression time of 6 days following ex posure to mutagens was selected for the near maximum frequency of mutation at the HGPRT and the APRT loci21 ' 26) . The cells were replated in 10 ml ES medium supplemented with 7.5% dialyzed fetal calf serum plus 0.75 pg/ml TG or 100 pM CIO. The selection step was performed at seeding densities of 1 x 105 cells/dish (for TG resistance) or 0.75 x 105 cells/dish (for CIO resistance). To determine the plating efficiency, 100 cells were cultured in 60-mm dishes containing 5 ml ES medium supplemented with 7.5% dialyzed fetal calf serum for 7 days. Four to 8 dishes were used for estimating each mutation frequency; 3 to 6 dishes were used for estimating each viable fraction. After 9 days , the colonies were fixed, stained, and those containing more than 100 cells were counted. The frequencies of mutation were ex pressed as numbers of drug-resistant colonies per 105 survivors at the completion of expression.
RESULTS
Effect of NA and 3AB Pre-Treatment on Cytotoxicity in Chinese Hamster V79-14 Cells
The cytotoxic response of DNA-damaged and undamaged cells to pre-treatment with NA ( Fig. 1 ) and 3AB were examined (data not shown). When cells were grown exponentially in NA-free medium supplemented with increasing concentrations of NA, NA less than 4 mM there was little influence on growth (data not shown) or cloning ability in the absence of DNA damaging agents. Prior to DNA damage, high concentrations of NA in the external medium provided protection against cell injury following DNA damage. The extent of maximal protec tion was also dose-dependent on DNA-damaging agents (data not shown) . Pre-incubation with 3AB in concentrations to 7.5 mM for 48 hr had no significant effect on the cloning ability of either the undamaged or the MMC (0 .25 Mg/ml)-damaged cells, com pared with the drug-free cell cultures. A higher concentration (10 mM) of 3AB had a slight enhancing effect on cytotoxicities of both the undamaged and the MMC-damaged cells. The low sensitivity to 3AB was unaltered even in combination with a NA deficiency or the addition of NA (8 µM). Effects of NA and 3AB on Mutation Frequency in V79-14 Cells Table 1 shows the frequency of mutations in the pre-cultured V79-14 cells, with combina tions of NA deficiency and the addition of NA and/or 3AB for 48 hr before y-irradiation. In the absence of both NA and its analogue, the frequency of mutations was significantly greater than that in the presence of NA (8 or 800 MM). When the cells were grown in NA-free medium for 24 hr, 3AB-mediated increase in mutation induction was evident, even with 1 mM, and this was dose-dependent. The frequency of mutations was observed when 5 mM 3AB added to NAD+-depleted cell cultures for 48 hr immediately after exposure to -Y-rays (4.5 Gy). During NA deficiency plus 3AB addition (39.2 ±7.7) the enhancing effect on the frequency of TG resistant cells was many times greater than was found with only NA addition (6.6 ±2. 1), or NA deficiency alone (18.7 ±3.1). When cells growing exponentially were cultured for 48 hr in NA-free medium, only in the presence of 3AB, or in combination, the cells continued to divide to much the same extent observed in the growth medium. During the expression of mutations, growth of cells exposed to DNA-damaging agents at doses resulting in 10 to 20% decreased plating efficiency was minimally affected by NA deficiency and the addition of 3AB. Neither the deprivation of NA nor the presence of 3AB had any effect on the normal frequency (0.5 to 1 x 105) in V79-14 cells.
The dose-response effect of 3AB on MMC-induced mutation in cells pre-cultured in media lacking or containing NA (8 µM) for 48 hr was examined (Fig. 2) . The mutation frequency was gradually increased about 1.5 times in the presence of NA and about 2.5 times in the absence of NA with increasing doses of 3AB to 7.5 mM, and it decreased at 10 mM. The optimal con centration for stimulation was about 5 mM for 3AB. The dual effect of 3AB was observed independent of the combination with NA. Similar observations were also observed on com bining 3AB post-treatment (48 hr) and MMC (0.2 pg/ml) (data not shown). These results suggest that NA deficiency and the addition of 3AB may act synergistically in mutation induc tion and that this system can serve as a sensitive one in examining the effect of 3AB and related compounds on mutation induction. Table 1 .
Effect of pre-treatment with NA and/or 3AB on mutation induction.
Before exposure to 7-rays (4.5 Gy), NA and/or 3AB was added to the cell cultures for 48 hr at the indicated doses. The data shown are mean values obtained from two separate experiments. a)Mean ±SD .
Responses of Cytotoxicity and Mutation Induction to Combined Treatment with NA De ficiency and Inhibitors of Poly (ADP-ribose) Polymerase Table 2 shows the effects of pre-treatment of V79-14 cells with NA deficiencies plus one of three enzyme inhibitors on cytotoxicity and mutation induction. Without DNA damage, the addition of 5 mM enzyme inhibitors, such as 4-aminobenzamide and N'-methylnicotina mide1,16) to NAD+-depleted cells for 48 hr had little influence on the cloning ability of the cells. 3AB at 5 mM slightly increased the cytotoxicity of MNNG but there were no significant effects on MMC, UV-B light, and -y-rays.
When compared at doses of MNNG, MMC , and -y-rays which resulted in 30 to 40% survival as a reference point, MNNG appeared to be highly effective in inducing mutations. The effect of 3AB on MNNG-induced mutation frequency was minimal, but statistically significant. The stimulating effect on mutation induction was evident when MMC, UV-B light, or 7-rays were combined with 3AB. The numbers of TG-resistant cells increased in a dose-responsive manner, for each mutagen at all expression times examined (data not shown). 3AB, a potent inhibitor of poly (ADP-ribose) polymerase, strongly enhances mutation induction; whereas, a moderate (4-aminobenzamide) and a very weak (N'-methylnicotinamide) inhibitor, in most cases, exerts a small but significant effect. These results indicate there is minimal correlation between the cytotoxic effects of 3AB and related compounds and their potency to inhibit poly (ADP ribose) polymerase; whereas, potent inhibition apparently causes a markedly enhancing effect on mutation induction. TG-resistant colonies which were observed in individual selection dishes following exposure to MNNG, MMC, UV-B light, or 7-rays were randomly isolated , using micro pipettes. All 40 mutant clones grown in growth medium were stable as to resistance to TG (0.75 pg/ml), despite 60 population doublings. Table 2 . Effect of pre-treatment with inhibitors of poly (ADP-ribose) polymerase on mutation induction .
V79-14 cells were cultured in combination of NA deficiency and addition of inhibitors (5 mM) for 48 hr before DNA damages. Inhibitors used were 3AB, 4-aminobenzamide (4AB), and N'-methylnicotinamide (MNA). Relative survival was expressed as the percentage of the control cultures without mutagen treatment. Survival levels in control cultures were 89.7 ± 2.1 for no inhibitor, 87.0 ± 3.2 for 3AB, 88.9 ± 1.4 for 4AB, and 85.3 ± 1.9 for MNA. a)MNNG, 1.2 gg/ml; MMC, 0.14 gg/ml; UV-B light, 300 J/m2 ; y-rays , 4.5 Gy. b) Mean ±SD. The cells were grown for 48 hr in NA-free medium lacking or containing 3AB (5 MM) and then exposed to DNA-damaging agents. Relative survival was expressed as the percentage of control cultures without exposure to a mutagen. a)Mean ±SD.
Effect of 3AB Pre-Treatment on Frequency of CIO-resistant Cells Table 3 shows that pre-treatment of cells with 5 mM 3AB, plus NA deficiency for 48 hr, resulted in several fold increases in frequencies of CIO-resistant cells over those observed with NA deficiency alone. The frequency of CIO-resistant cells increased in a dose-dependent manner, with 7-rays or MMC. The enhancing effect of NA deficiency or additional 3AB was alleviated significantly by adding 8 pM NA, and mutation induction was reduced at 10 mM 3AB to below the control level (data not shown). The stimulating effect of 3AB was observed at all expression times examined (data not shown). Neither NA deficiency nor the addition of 3AB had any effect on the frequency of background mutation (1 to 5 x 10-6 ). Twenty CIO resistant clones were independently isolated from the cells exposed to y-rays and MMC. After culturing for one month without exposure to CIO, no significant drift in the drug-resistant phenotype was observed.
DISCUSSION
Pre-treatment and post-treatment with 3AB markedly enhanced mutation induction in DNA-damaged cells. The mutation frequency increased with non-toxic doses and decreased with toxic doses of 3AB. The mechanism by which toxic doses of inhibitors resulted in losses of induced frequencies of TG-resistant cells was not elucidated. Nor were these dual effects observed in other studies 8, [17] [18] [19] [20] in which 3AB was added in fixed concentrations during and/or following DNA damage. Our preliminary studies 26) using Hela S3 cells showed similar dual effects. Cleaver et al. 8, 10) reported that side effects of DNA precursor pathways are im portant factors to consider when measuring responses of purine-analogue-resistant mutants to 3AB, when high concentrations are used. There is some inconsistency in the literature 8,27,28) regarding effects of this inhibitor on de novo synthesis of purine; however, some effects on mutation induction may relate to alterations in the DNA repair process mediated directly via modulation of purine nucleotide biosynthesis. Others have shown that post-treatment 3AB stimulates the frequency of induced mutations to both TG and ouabain resistance8). Further experiments using other genetic markers may contribute to a better understanding of 3AB mediated effects on mutation induction.
The depletion of cellular NAD+ by NA starvation prior to DNA damage had an enhancing effect on mutation frequency in DNA-damaged cells. L1210 cells grown in NA-free medium for 48 hr showed a loss of ability to accomplish DNA excision repair 12). This ability was re stored when the cells were exposed to NA for 4 hr, before DNA damage. We observed that NA starvation increased mutation induction, in a time-dependent manner and that the effect was significantly alleviated with the addition of NA. The enhancement of this mutation may be related to lowering the activity of poly (ADP-ribose) polymerase in the cells, and the decrease may be the result of a restoration rather than a direct action via increased levels of NAD+ brought about by the addition of NA. NA is a potent inhibitor of poly (ADP-ribose) polymerase at higher concentrationss, 16) as well as an important precursor of NAD+t4). The addition of NA alone in high concentration (800 µM) to the depleted medium did not enhances the fre quency of mutation as 5 mM 3AB did. Perhaps the effect of a high concentration of NA is not fully mediated via inhibition of poly (ADP-ribose) synthesis, as NA has other biological effects in cells 11, 29) The synthesis of poly (ADP-ribose) in synchronously growing cells in culture was pre dominently in the S phase30) . The phase-specific effects of benzamide on in vitro transforma tion suggests the participation of poly (ADP-ribose) synthesis in carcinogen-induced cell trans formation 3 1). It is important to examine whether a specific inhibitor of poly (ADP-ribose) polymerase and 3AB, could modulate the induced mutation frequency in a cell cycle dependent manner. Nevertheless, NA deficiency and the addition of 3AB strongly prevent the repair of alkylation-damaged DNA in asynchronously growing cells 12) . The repression of poly (ADP-ribose) synthesis required for the DNA repair process is most likely involved in the enhancing effect on mutation induction. The activity of poly (ADP-ribose) polymerase may be required for DNA repair synthesis or DNA strand rejoining, both in rodent and human cellsl,s,12,13), although the cells likewise differ in their capacity to repair certain types of DNA damage 32). The repair of some damage does not necessarily require poly (ADP-ribose) synthesis, as an integral factor" 3,9). In this study, few significant differences in response of mutation in duction to 3AB were detected among DNA-damaging agents. The biosynthesis of poly (ADP ribose) might also be required for the process of sister chromatid exchanges (SCEs). Cumulated data suggest that the effect of 3AB on the frequency of SCEs varies according to the type of DNA damage 17, 33, 34) Cells simultaneously treated with 3AB and NA starvation showed synergistic increases in frequencies of SCEs'S) and mutations. The ability of NA analogues to inhibit poly (ADP-ribose) polymerase correlates with their ability to enhance the frequencies of SCEs 15, 16) and mutation. These observations and the close relationships between SCEs and mutation inductions35, 36) suggest that DNA breakage rather than other mutagenic events, including point mutation may account for the 3AB-mediated increase in mutation frequency. Since SCEs are not necessarily quantitative predictors of mutagenesis36), further studies are needed to determine the involvement of poly (ADP-ribose) polymerase in the responses of mutation induction to its inhibitors.
The present studies show that exposure to MNNG renders cells slightly sensitive to the lethal effect of the 3AB pretreatment; whereas, MMC, LUV-B light, and 7-rays do not cause such an effect. Treatment with 3AB sensitizes mammalian cells to the lethal effects of numer ous DNA-alkylating agents 3, 3,9,12,37) and -y-ray 38) or UV light 39) irradiations. These observa tions suggest that processes sensitive to inhibition by NA analogues are prerequisites for cellular recovery from DNA damage (see also Ref. 2). However, post-treatment of mammalian cells with 3AB does not even marginally potentiate cell killing, when combined with methyl metha nesulphonate 9), MMC37), UV light3°9'37), and y-rays3,37). Poly (ADP-ribose) synthesis may be a general response to several types of DNA damage, but its inhibition does not necessarily cor relate with its lethality in mammalian cells. The lesser sensitivity to enzyme inhibitors we observed is, therefore, not due merely to pre-trreatment of DNA-damaged cells by deprivation of NA and/or inhibitors.
NA at high concentrations significantly increased the survival of Chinese hamster V79-14 cells exposed to -y-rays or MMC. Jonsson et a1.14) reported that NA had a significant influence on radiosensitization in tumor-carrying systems. The NAD+ pools appear to be regulated primarily by the concentration of extracellular NA12,14). The cellular levels of NAD+ may limit the rate of biosynthesis of poly (ADP-ribose); and the recovery processes from DNA damage are modulated thereby4, s, 12, 13, 41) In addition, the increased frequency of mutation is alleviated by the presence of low concentrations of NA, and is reduced at high concentrations of NA. NA at high concentration is essentially non-toxic. These findings are of clinical interest , particularly as they relate to radiotherapy of human cancers.
